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20. Abstract (cont.)

did not predict the forcation of PbO under any conditions; 1-:.w-
ever, spectra indicated the presence of the oxide at certain
Potentials in acid and neutral solutions and at all potentials
above th.e i=zunity recicon in basic soluticns. Spectroscopic
identificatIon of insoluble surface speci'_; was in agreezment "with
potentiodynar-ic polarization cu•-me-s.
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I 4srRODCCTION

Laser Raa.. spectroscopy can unapbiquously identify the

co=pounds present in aqueous corrosion product f iLrs =n =etal

surfaces. It can be used to znalyze insoluble surface layers

in situ without rer oving a r-etai saz-ple frcm the corrosive

solution with which it is reacting (1-3). The ability to iden-

tify surface species without changing the environment rakes this

technimae ideal for experinental confir-m-ation of theoretical

Pourbaix diaqra.-_s, which identify the lowest energy species for

any given set of conditions.

In situ R?-aan spectroscopy, in cobi-nation vith the corple-

=entary techn icue, reflection-absorption infrared spectroscopy,

.- as been used to study the Pourbaix diaaras for the Pb-H 20 and

Pb-.O--CI svstems (1,21; Potentiostatic exposures of lead elec-

trodes were conducted in buffer soluticns and the resuitinq sur-

face fil!-s -were analyzed specrosccoicaliy. The co=po-nds co=,-

.Drsinc the surface corrosion proe&.ct firs were only in partial

acreerent with ?ouxbaix diagra=ý predictions. in the present re-

search slile, -zibuffered solutions were used for electrocherm-cal

exT.osures to find if experimental results would be closer to

those pred4cted by the.-•.vnar-cs if the solutions did not contain

"ihe extra dissolved species of the buffer syst#.-•s used previously.

.he behavior of l-ad in sulfate solutions has be-n studied

extens-vely due !o the widespread use of lead-acid storage bat-

teries. For this reason, t-he preponderance of experirental work

has intolved the reactions of lead with sulfuric azide and ;e:v

":ittle research on lead in neutral or basic sulfate scIctions
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has been conducted. Pourbaix dia-ra for lead in aqueous sul-

fate solutions have been calculated (4-6). Somme efforts have

t-.een made to verify the theoretical predictions experirentally,

although experimental sulfate exposures have been confined to

the acid and neutral regions of the diagram (4,7). The present

report describes infrared and Raman spectroscopic results fro7

systematic exposu--e of lead sa ples in 6.1 M sulfate solutions

t'nder conditions covering a large part of the Pourbaix diagrarm.

XPEE RI. !E-NTA

Ram-an spectra were recorded with a Spex Industries Yodel

1401 d--uble mnochromator using a photon counting detection

svster. A Coherent Radiation Laboratories Yodel CR-3 argon

ion laser was used as the excitation source. Both the 488.0

Iand 514.5 nm wavelencth laser lines were used, and the 6-er

at the sa=ple was app,'oxi-z :ely 500 r-W.

infrared reflection-absorzption spectra were obtained with

-a Wilks Scitentific Corp-oration Model 9 --ultiple spe-•-lar reflec-

tion attachvent in h-oth the saz-ple and reference he2-•s of Perkin-

Elner M.odel 521 infrared spectrophotometer equipped w-ith a arat-

ing polarizer. Details of the special electrocheaical ce!i and

inst-r=entaticn used for controlled potential sa-ple exposures

are contained in a previous report (1).

Lead foil (1.6 t thick) supolied by A!fa Products. Tnc.,

at areater than 99% purity was used for this investicatior. it

was cut into 2.8 x 5.7 • rectangles to fit the sa.r--ple holder

of the electrochemical cell. This size was also recu••red for

the infrared reflec ion attach nt. Prior to Dlacinc a lead

_ _ . .
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sarole in solution, it was im~ersed in warrm, concentrate-d aimr nit=

acezate solution for 5 -mnutas to dissolve the surface layer,

leavina a clean, silvery sazvnple- 'The cclean lead sarple was

washed with distilled water and irvediately placed in the ex-

posure solution.

The three sol.utions used were rade fror- reacent grade co=--

pounds. Th~e acid s:)lution waz 0.1 M H S2 so4'Te neutral. solu-

tion tchosen was 0.1 M. K Owh-ich has a pH of approximately 6.5,

and for exposure ir bas-ic solution, a soluti.on of 0.1 M X.2 so4 and

0.004 F' KM civinq an apprsxixmate pH oz' 11, was used.

,he electrochemical cell- filled with. solution. was purced

with dry nitrogen Afor 30 r~inutes before and thro~ughout the con-

trc!'.d pot-ential exposures. Ine potential of che lt=ad working

elecý:rode -a heiJ' censta:-t relative to the saturated calo:'el

rfP-~-x:e electrz~ee ;,,v a Wenkinq Yodel 1T773 potenticstm.t ~

c~id rni:fror 1,'4 toD 21 hours. Upon com-nAetia:: -rn x

~ ~ri'dan In sit'i Rarnan .3eztri= was The ErAd. The

pl ýas tnen re-o-:e- f:cr ithee cell, wt.she&ý th.-roucl-ily with diis-

tilled water, and allcnoeeA to tr.cy in ar.: The dry sar~-ple was re-

t_-rrned t7- the Rar-an sp--.-tcmzeter for i-3rami~nation and then analyzed

by the sct wee.

5or~ w ~e cor'ducn-i or lpa~d fur-s ., 1 1 1 1 0 k were vapor

depasitd: o-ntn ~~ substrates -'r- clzsm ricrosct'ipe slides. These

sa--nles a~Cth~e lead t- -z r ly oxidized leavinq a non.-

rL-acted z~cld r--rr-cr susr~ >e 'hic]-ness of oxidized lead

ftJls or such sa=ples was zrjasure-.' ~',, a Tayl step.-l stylus type



RESULTS AND DISCUSSION

The Pourbaix diagram for the lead-water-sulface system was

calculated using the relationships used by Ruetschi and AnQgsadt

(4, but eploying more r;cant values for the free eneray of

fo_-ation of sore species (8). •1he never therm-odynamic data,

s ar-zed in Table I, caused only srall changes in the pcsi-

'tions of the PbO-PbSO4 equilibria lines. A sulfate ion activity

of 0.1 was used for the calculations resultinz" in the Pourbaix

diagram shown- in Figu4qre 1.

Electrochemical exposures were carried out 2n solutio.ns 'f

the desired R whic-h were ;).i molar in sulfate. The snluticns

used cave p. values of approxi:tely 1, 6 .5, and 11 to l'c-w

observation of tbh: reactions of lead over a wide .orticn of the

?ourbaix diagram. Medsurer-.t of solution t- before and after

potentiostatic exposures show-ed that the rH rerai..ed fairly

-onstznt, i.e., At d., not chance by .ore than 0.6 aftei as ionq

as t-ent,-fouir hou,-s.

Sin orer to provide an experiental basis for choosing ex-

posure -otentials, potentiodynaric polaziza.-on cu,--ves were re-

corded for lead in the three s'tutions selected fcr exposures.

Polarization cur-ves were recorded with a relatively slowly chana-

ing potential of 40 mV/min to allow the forration of a relatively

thick oxidation product film, as wou;i' be enrvtuntered in pcte.-

tiostatic oxidation.

-he polarization curves are shown in Figure 2. --hey are

rather sin-ilar, each :as a strcnc wave at anproxiratelv -3.25 V

•,F. .•.E' as its -.ajor featuire. These wa'.'÷b rark t.e trans-t'.:-
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f rom, reduction to oxidation, Ai. e., the uoper lim~it of the iu=nity

rzq lon. in accordance with the Pcuarbaix diacramma, the piotential

of such a trarnsition decreases as p? increases. T1he oxidative

we v- was ob-se rved a t -0.-23 V in 1, ,- 0. 2 7V in pH 6. 5, an.,

-. 30 V in :)H 11 so-,utli~n. rhe Dos;tons of these waves are

%n general aq-ee:!ent with the Pb to am ~d PD to PbO*PbSC,

t-i anmsi-lions Of the oraxiaa.

2otentia3.- ,Lsed Zc~r leak' expcosuree roo~sez- so that at

least one was located i.n ea-cn- region :;F zhe tteo-retical Pourbaix

-ziacý-ra arit i- all Dotentia3. regions Pee ze pAoarkzaticz c-urves

1,nd.-catec the rnossi~blc formation2 of different sroecies. ----e

exposure conc:Itionts select-d ard the rezsul'_..ino spectra obtainee

from tinese rotentiosý_at-ic oxidtlont a_-0 S==:rized in 'able II.

p8 ~ ~ ~ ~ I V V. ue:~nth . .~ SO, solutions; used to atta.in ac'.dic

conditions, lead i.s stah-s at lcw t--otenidlsbut it is oxidized

to ead s%.l!fate at hichcr mrnls(,C .Atter formatior3

of z su~rface s-ulfte filim zhick enough to ,;jnder reacticnZ of

* ladwiti so~ut-ic- szeecies, layers of ?~Oor basi-c lead sulfates

develc- ._inder the su-;'f-te film at Potent~ials of +0.32 V and higher

~49.i1Althouch the fo=.atioz- o-- 2underlying oxide laye--s was

n~t considerec! in t-ie calculation of the ?ourb~aiy diacram, the

veý:y weak wave at '-0.34, V _. the n'is 1 polarization curve miay

inzýdcatF th'e coeieetof foxrmation of anot.her-! coo--ound beneath

th,ý sUlate iur-,.

Potrntzostatir exposures of lea-i in 0.1 ;a sulfuric acid foxrmed

s,;rfacc f1-rs whose ccn-mositians acgreed well with X-r~v diffraction

workc by Pavlov xznd lo-dar-ov ill). Ra7--abn and infrared spectro-
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scopic resul--s -i-dicate three ranges of potential: immunity,

lead sulfate, and a l!a. sulfate-lead =onoxide region.

At potentials bel-c -0.2:- V, ead appzared to be iune

to oxidation. An surface layer was not detected by

in situ Raman snectroscory, samles rerzained clean ,nd shiny,

and current flow was in the reducing direction. When sampLes

exposed in this r-_e-ion were washed and allowed to dry, E! non-

unifor-m, light gray surface coating appeared. infrared spectra

___:.ntified the surface layer composition as lead sulfate and

orthohombic PbO. Rarnan spectra of dry sample surfaces confir--ed

this finding but shoaed that tse sulfate and oxide were not

found together but were occupying separate parts of the sen.le
surface. The appearance of these corpcnds -robably results

A from preciDitat-on of dissolved lead compounds after rer-oval of t!he

z ?Plied potential (2). Tn the cenerally reducina conditions of

this region, it is unlikely chat any lead would be directly

oxidized at the electrode surface durinq the cotentiostatic ex-

posure. .,ne formation of PbO and lead sulfate is probably a re-

sult of the sam--ple removal, washing, and drying process.

At -potentials higher than the -0.23 V wave of the polariza-

tion nurv-e, net current flow was in the oxidizing direction and

srectra showed that lead sulfate was formed. Oxidation at -0.26 V

and -0.02 V resulted in PbSO, films.

Exposure at potentials higher than the wave at +0.34Vgave

surface fils identified as tetragonal ?bO and ?bSO4 # in agreement

with the findings of earlier research (11,12'. A Raman spectrtmo

of the film in this potertial region is cozpared with one of a
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purely PbSO4 film and with the spct---uM of reagent grade PbSO4

powder in Ficure

llt~hough it was not possible to measure the relative amountG

of PLO and PbSO4 in the surface films from their spectra, just

as it is impossible to measure film thickness, observation of

strong tetragonal PbO spectra gave ar indication of the thickaiess

of films- analvzed by these techniques. Ruet-schi (9) developed

a model for the PbhO/PbSO,, two Dhase film Fý.o-rmed b,- oxidation of

lead in sulfuric acid solutions. He assued that a surface film

with a thickness on the order of a micron was ni_-ýed before any

Lrnderlying tetragonal PbO could form (4). Slectrochemical measure-

m-ents and calculations based on ion diffusivitv in the fiLnis

determined that a 24 hour exposure of lead in 4.2 M H2 SO4 in the

rer.ge of -0.2 to +1.1 V would give a film consisting of cnr m-:i-on

of lead sulfate -covering one micron of tetra.onal PrO. The a!7ility

to record strong spectra of the underlyLna layer of PbO gives

indication that Ptazan and infrared spectroscopy can examine the

entiretv of filas wth thicknesses on the order of a ricror..

oH 6.5 Exposures: The lead-water-sulfate Pcurbaix diagraxi pre-

dicts that in a pH 6.5, 0.1 M sulfate solution lead shoa..d be

stable at potentials below -0.3V, PbO2 should fori• abovc. +0.9 V,

a~nd 'r-bSO. should be found at potentials in between. '1.e lcwer

transition was obsarv-ý_; in the polarization curve for !ead in

the 3.1 IM K SO, solution uZed, but the tran-iition to PbO was
2 2

not observed. The polarization cu:•re shows e weak .ave at +0.06 V

which d'.es not correspcnd to any feature of the Pourbaix diagram.

-otentiostatic exposures res-ited in films with co-positions

whict were in better agreement wit. thie poIarizatLIon cUrVe than

I'



with the Pourbaix diagram. xosjj-e at potentials below the

-0.27 V wave resulted in L-.-n•ity. Current flow was in the

reducing direction, the surface remained clear. and shiny, and

no spectra were obtained in e_,'ution or in a-.r. Aigher poten-

tials- resulted• in oxidation of i the lead ele'_trode and formation

of insoluble surface fiins. Fi1;- consisted of lead sulfarte

up t-o -0.24 V a>nd, abo-ve that, tetragonal P1:1 covered the sa:P~le

su. faces.

'.he forration cf lead sulfate was in agree-ent with t.he

Pour-ba-ix dzagrzam, bat the PbSO, gave slightly different spectra

from the sulfates examined previcusly. As show-n in Fiqure 4,f -'

the sulfate film gave an eeti-nailv strong 451 C_ a_=an

band, the band associated with the 0-S-0 bendina viLration (131.

Infrared reflection spectra also h:d a sharp band at 451 C.-i as

shown in Fi-zure 5. Such a viti-aticn is mt infrare_ active in

normal sulfate cczro-.ozdz. -i, unusual intensity of the 451 c-

banid is assied to be du-a to a distortion of tehe nor-al lead sul-

fate lattice.

lie broad "ave at '-0.06 V is near the poten' ial where film

cox•sition ch-g•ed fron lead sulfate to tetragonal PbC-,and it

may be d•e to such a transiticrs. Lead moiaxide films were black

in color and gave no. eviden-e_ of the pres-ance of sulfate. The

transition ffra suIlfate to Pb- was not cv.nsidered in calc-latinc

the Pourbaix dlaram, since this reaction was not anticipated.

No waves were _-bser-.-ed at higher potentials and spectra did

not indicate a change to the PbO, predicted by- he Pourbix dia-

Qbran.



nL-1 E xpositres: wxix-darion of lezd at a pln ofý 11 was predicted

tc. form a basic lead su-lfate, PbO.PbSO V at potentials between

-G.45- V and +0.50 V anti r-bO 2at higher potentiaizt. The sc1vticz

11sed, 0.1 .ý. 1 S with enc-uoh K09i ad-ded to make the .4nitial pHi

il, resulted -in a polarizat-ion curve with only one clear axi-dz-

ti~c-n feature- Thne expe-rime-ntally observed wave, or group o~f

wraves, at approxi--ately -0.30 V represents the transition 'Lroc=

lead stability to th;e for-r-tion, of an oxidized species. The

oxi.dative change seen abt-)%e +0.80 V i.- Figu~re 2 couald represent

a transit-ion to a higher oxcidation state1 but- it is probably due

to the decormosition of water tto evolve oxyc~en.

Pc~temntiostat'ic exposures were condnccted thomighout the

rot-ential range whtere ~.cater is~ stable. As expected, e.,mcarre

at low potentials cave extrerely lcne current- flow in the re--duc-

ing directionand no Ptamen bands tpere observed. Lead iS i-mmu-ne

to oxidation below' t~he -0.30 V va-.!e cf thve pclari-zation Cuirve.

All exrpasures at h~iaher porentials resulE---d ir. the for~-;-.

tiofl of tetrapor.al PbO surface fl.An oxidation, at- -0.34 V,

i Potentia2I hi4cher than tlie first lob-e ic,' the oxidative wave,

resulted Jn a f-ilI. wl.±ach gaea strong ttara 5 ~cr.

rlto:ch the wave 4t -0. 3C V seest ezeu ftheS-

parate waea!-l exposures at p.otentials above -0-45 -Vý __.'r

the c-arrent ---ccrded- ix, the rx-alar-i~at-ion c-urve fl-rst becaF--

Oxidanve. fo-r-md t'1trazmnal iC

Althoi,-uh the c-o=,osition o-f tlhe 4fil=- wý3 Jidermi-.ied a-s Pb.

Rar-an s~ectra record~ed in aolut-ioaý vere soze-winat r-isleadLin... Int

situ spectra, as shc-.-n i.n Figure 6, --ontai-ned the strong bands

oEtetrasonmai r but also- th--e 980 c...band chxar~cteristic of



th-f- 304 syezs tretc;-ing v~~ibration a.-t- z, 1road bran-3 -",I the

4 50 c-- recion- Excep'~t for th~e broadness of the- e50 cn-

the~se *pectra iccA like a -,Axtiare of PbO and PbO. Upon ;.:sh-

ins the sa~mles t%-horc-e-chlv, hoi.-ever, thos~e band--s cbaractceristic

c-f sulfate disarnoeared. Dry sam-pe spect-ra indica-ted -:n!- tet-ra-

gm~al ?bO. -The sttlfattý bands, wil~ch can. Le Jistinauined fr--

those of P'bSQý by the broad 450 cmz 1 band (lead su-Lfate hias

tun- sharpbnc~ in~ that rec-ion, at 439 aznd -451 crn,- are due
T stil c~at.- of the solut,;onc. The hulk sul 4ate sol uticn cave

the a sul1fate spectrim. The change in. the s~ect-r=- caused by

washini- the sarples: was ev2.dence tha-. sopectra o-- both wet- and

dry s.-le, a-- needed to dist-inquish soluti;o-n or ads~orbed-

species f1r= those- co=pounds v~ihwere actually part ol an

insoluble surface -filz:.

The possibility that the ~.rdelayer =-ight c-onsist --ýf

PbO-PbSO, as predicted by t~h- Plourt-aix diagra-zc: c~a~n vat
41

invest.igated. AlIthc-.... sr--ctra of the sarrme strf aces IdEentif-le

tetracoi-r.al PbO, ?arz-an sv~ectra of tnhe basic sulf-at.e azre not

available for co~zarizson. infrared reflection sr-eccra conf~irmed

%-hat ttetrag--r.al Pbor was #. . coz-zotnd present!,. Co- ri- n ith

p --! ýI-is h ed 4z Zf1rared spectra o-- ?bO.PbSO, (14). Indicated that this

~ was n~ot Dre3-snt.

'th.e ox-id-at-on currents recorded cur-mc potentiostatic ex-

z;i E;res and potezlt iodyr-azi c ol a r iza tior ci-r-e rreasurer-ents con -

!rdthat lead sulfate fAorms rore protective surface films than

does it-. 'In 0.1 Y' sulfate sol,.tions, a-' of which had apoxi

;;etely the zane conductivity and iorxic strength, conditions which



cause-f.zhe for-zation of ?b-0 resulted in n~e, uren flawi 5-10

tineas grezter thar. that observed w-hzn PbS04 was formed. -Ehe

sles diffe"ren-ces w~ere noted in pH 6.3 exposures, a DH nzear

the of pt-O solui~ility (151 , tbut enin lzhose condditions

oxide filmns allc_-ed r-as urabl- higher current f~lo-w than sulf-ate

f ils The ability of s-ulfates te form- am 4i:sIM-,Iue, tpasaiw~at-

ir.ng i on lead zis well knowan.

7,1n- Th~iokness: Potentiost-at i_ oxida ý _ of- .aor deposite

!-~ad za-'pes was con-ducted so that the thhick-ness of the result-

in-C fi Ulm c-ould be meastred and their spectrei reec~rded6, While

f i 1r-s of organic c-ctpounds o-n s-;ilver- =irrors have shozrn that

sR--an spectra of flsas thin~ as 50 Rcan be recorded (16,17'

and i`nfrare-d sr~ectr-a of cxIde layers as t-hin as 10 A. "have been

reported (18), the .ini~u=- detectable film thickness varies

widely with the cconý_osition of a thin f i I.

A% 1ea d s uIf-`a te f 11-, -ea sur ed to be 2140 _60 thick, was

:c--rec bv oxidaticn at -;-C.b,, in 0.1 Y HSfor fifteen znin-

7:s he ?aas'et in Ficure 7 sAhcws that the strong sul-

ra'-te hands are c2.ear~v v;isible. 'h e i nfrard spectru- of the

sa:ne- sa--le, shc~wn ir 11-cure 8, is an exc-ellent :ead sulfate

sOCeýCtr*_-. E7x-_vsu.-e of solid lead electrcirdes under -ideantical

cznc:: s ~r*~.a frir2 which~ c-znsisted of both PbSO, and te-

traccnal ?br, btut the -.apokr devosited s;%-- L- shcnimed no trace of

?b~. ?resabl:the thi'n sulfate film was not thick enough to

provide the d~f~fusion barrier nezce-sary to all~ow formation of

an -.=der!-ying ?bO lAayer fI9.



Tt is esti~-ated that. a lead sulfate- f in- "Pproxina tely one

te~nth o.f the 2140 thicknetss wruld still' give spectra with Sig-

n--! to noise rati&os of two or more, t-he ratio considere-d nec-

e~s'ary for observation o-f a band. Fil:=s as thin as 200 R~ should

be i;de-tifiable bjý Ra--an and in-frarec. st etrscopy with vr'

little difficulty. Single spectrasneter scan-s were used to :-e-

cord all st~ec-tza. Greater sensitivity to very thin fi1-- could

bee achie-.,ed by averaging the results of -u'ltiple scanls. S i _ssa I

--r;In~g of more than. one scan of the sp-ectral reqc-ic of in-

t-erstaodLcraetesga to noise ratio observed and

redu-ce t7 e =in iru =7neetable thickness (20).

rCG'WCizS I CANS

In situ Ra:,an spectroscopy and ref lecti~on-absorptiion in-

fraredd spectro~copy can conclt.ively identify the copoumn&:

present in thin corrosion p- .rduct fuson netal surf-acees. Vs-

ing tlhese techlnziques, the Pourhaix diacraz- fccr lead' in 0.1 .4

sul'ate solutions was exarnined and- the sur-face species observred

sh_~donly --artia1 acreement wit-h vredi.ctions based vn therrc>-

cvnam.ic eqo'.ilibria. Sp'ectroscopic a.-avs-is of surface filnts

d~urinvg and after pozetntiostatic exposure in. sulfate s~~n

was in excellent aqree~ment w-ith >otenim.. n-i ..L lr~tc

curv.es but the oxiaes and sul fates f reauent ly forz~e-d were n.

those vredicted in the Pourhaix d4iacrar. :the r~ajor difference

was that tetragonal PbCV was fowrd A~r~ntlyin feutzra2 and

basic solut3on-s ard ?~?Othe po~udtredicted to be

stable under such cenditicns, Vzs n~ot.
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It has been shown that sp.Dztra of sarle surfaces in solu-

tion and after drying are both needed to distinguish between

spectral features due to solution species and those fro Com-

r pou.nds corprisL-ng insoluble surface fils, just as they are both

needed to determine if clangez occur when sarPles are re oved

from- solution. Ye.easure ent and estimation of film thicknesses

have shnm.. that the Rar-n and infrared te-chnicues can identify

co-ponents in fi im as thin as 200 OA and analyze the entirety

of ffrs as thic(k as one micron.

*4

S.. . . . .. . .. . . . .. ... . .. . ...
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Figure 1. Pogrbai-x diagram -for the sys-H--Sat
25 C -or a =0.i. syeza

so 4
YiaUre Z. ?otentiod-:n~z-ic- nola-izatwcurv lfor lead in

0.1 Y sulfate Soutions, Scan rate 40

-icure 3. Rarnan sp-eztza of al lea.-d in 0.1 M li-50 after 20
hours at +0.80 V, b: lezad ii' q0.1 Z _W, t
1.8 hou~rs at -0.26 VP c) PbZýder

i.je4. Razan spectra of a) 'Lead surface- after 19 hours
at -0.16 -'in 0.1 Y K-D, b: PibSC, powder-

Fioure 5. infrared ref lection sl;ectra obtained fro- lead ex-
posed in 0.1 Xsulfuric acid, v:; = 0 .9, at .80 V
XiHE for 20.5 hours. alt oar-3llel Dolprization, b'

perpendic-ular polarization.

Figure S. Rarman spectra of lead ex-posed to pH. 11, 0-' v
sulfate soluti-on for 18.5 hours at -0.341 re-
corded- with the sa.--;1e In solz-tion and, after
washina, in air; and the ?.a-.-aLn srvectrur of the ~
11 .1 ?I Sulfate soluti::n.

iauro . ?aa s -rt-i .f a 2110 an~cstz-Fro thi ck `ir' of

PbsG. Ma-de frc- a vaocr devots-ted lead s- le by
exL-fiure at - X.So %, for 15 rimztes ;.- 02._1 ES~
The le. at 790 and 920 c-- are jra-;,-ca hogts_

F'ioure 8. :nfrared reflec-ion-abso-rvtion s-rectra of a 2140
anIcstrca. thick~ ;bSca filz rade frcn a vaoor de-
P>osited lead sanvmle;. The t-.c spectra were re-
corded w~'th.- .iif ferent Drwlarizraticns of the in-
,Prared_ b~ea=. F'r t~hin -f,Jn-s on-v lic't- wit ts
electric vector -paralle! to --he vlane cf incicenCe
i.nteracts wit1.- the su.rfacve srzezies-



-17

TABLE IT (cont.)

(c) DMy sample spectrum indicated lead sulfate and orthorho~bic

(d) Band at 451 cm abnormally intefnse

I3
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PbO, I

0. o

6I

PbS 4  -P 2 O

0 7 14

pH

Fauze 1. Pjurfbai-x diacrun 5for the Pb-E.,O-SO, syste.- at 250
C for a s,= 0.1.
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POTENTIAL (vs SHE)
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POTENTIAL (vs SCE)
Figure 2. Potentiodynamic polarization curves for lead inF slfate solutions, scan rate 40 mV/min.
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IN AIR

I I
"I I

i/ I
IN SOLUTION

O III•O /
ID0 W rS•0,

FREQUENCY. CM-

Ficure 6. .an soectra of lead e•--•sed to D 11, 0.1 M sulfate
solution for 1R.5 hours at -0.34 V re-rded vith
sa.i--•le in solution and, after washic, in air: and
the .Raman spectr=r of the p 311, 0.1 Y sulfate solu-
tion.

m, m!2.
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1 214 0 A FILM
PbSO4

z

loon 500

FREQUENCY, CM-'

Ficrare -7. P-ar-.an stez~of a Zý140 angs-ro=- thick filr of
RLSO, =acee f-u- a .-apor deposited lead sarpie by
expogure a-, IOSOor 135 r-inutes in 0.1 Mý H SO.
Te features at 790 ard 920 c= are crating anozts.
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